The c-fos proto-oncogene seems t o play an important role during differentiation and activation of cells from the hematopoietic lineage. Therefore, it is of interest t o investigate the mechanism underlying its transcriptional activation in these cells. To delineate the sequences and factors involved in c-fos transcriptional activation during the course of myeloid cell differentiation, we have used the K 562 chronic leukemic cell line as a model. K 562 cells were transfected with chloramphenicol transacetylase (CAT) reporter constructs, including various regions of the human c-fos promoter, and induced t o differentiate by two distinct agents: 12-0-tetradecanoyl phorbol-13-acetate (TPA), which activates a differentiation program along the megakaryoblastic pathway; and hemin, which induces erythroid differentiation. We show here that TPA treatment of K 562 cells induces fos CAT reporter constructs ac .:ivation, whereas treatment H E FOS PROTEIN is a 55-to 62-Kd transcription
The c-fos proto-oncogene seems t o play an important role during differentiation and activation of cells from the hematopoietic lineage. Therefore, it is of interest t o investigate the mechanism underlying its transcriptional activation in these cells. To delineate the sequences and factors involved in c-fos transcriptional activation during the course of myeloid cell differentiation, we have used the K 562 chronic leukemic cell line as a model. K 562 cells were transfected with chloramphenicol transacetylase (CAT) reporter constructs, including various regions of the human c-fos promoter, and induced t o differentiate by two distinct agents: 12-0-tetradecanoyl phorbol-13-acetate (TPA), which activates a differentiation program along the megakaryoblastic pathway; and hemin, which induces erythroid differentiation. We show here that TPA treatment of K 562 cells induces fos CAT reporter constructs ac .:ivation, whereas treatment H E FOS PROTEIN is a 55-to 62-Kd transcription T factor'.' that is likely to be a key component of signal transduction pathways in a variety of cell types. Physiologic c-fos pattern of high expression is restricted to distinct tissues. During development in the mouse embryo, c-fos is mainly expressed in extra-embryonal cells, in the fetal placenta at distinct stages,' and in the developing nervous system: In the adult, c-fos expression is detected mainly in the bone marrow, where it is essentially located in hematopoietic cells, whether mononuclear phagocytic cells5 or erythroid precursors. 6 This pattern of high expression in vivo suggests a key role for the protein in cells of the hematopoietic lineage.
The Fos protein is involved, in conjunction with the product of the c-jun proto-oncogene, in the activation or repression of various genes?" through the recognition of a DNA regulatory element, the AF'1 c-fos expression is tightly regulated during the cell cycle. Thus, the gene is silent in growth factor-deprived, early G1 arrested cells from various tissues, but is induced by a large variety of external stimuli,17 including growth and mitogen^.'^-^^ The induction is very rapid (within minutes) and independent of de novo protein synthesis,= suggesting that the gene is one of the direct targets of cytoplasmic signal transduction pathways. Indeed, c-fos is induced by pharmacologic activators of two cytoplasmic protein kinases, the Caz+ and lipid-dependent protein kinase C and the CAMP-dependent protein kinase c-fos induction is transient, due, at least in part, to repression by transcription factor^,'^^'^ among which the Fos protein itself seems to play a major Most of the studies to date on the sequences and factors involved in c-fos transcriptional regulation have been performed on fibroblasts or cells from the endothelial lineage. These studies have delineated three major sites in the c-fos upstream regulatory region, among which the main element is the dyad symmetry element (DSE), located between -318 bp and -296 bp (with reference to the transcription start site) and highly conserved between mouse and human. The DSE is involved in c-fos induction by serum, epidermal with hemin does not. Furthermore, predifferentiation of the cells with hemin blocks a subsequent induction by TPA, in correlation with the inhibition by hemin of megakaryoblastic differentiation markers appearance. Both the induction by TPA and the inhibition by hemin are mediated by a dyad symmetry element (DSE) located in the upstream regulatory region, between -318 and -296. These results suggest that the protein complex binding t o the DSE regulatory element is the target for c-fos activation by TPA and inhibition by hemin in K 562 cells. However, no modulation of protein affinity for the DSE sequence was detected by gel shift assay during the course of induction or inhibition, suggesting that the structural change responsible for the transcriptional modulation is too unstable or too subtle t o be detected by this method. 0 1991 by The American Society of Hematology.
cell growth factor (EGF), fibroblast growth factor (FGF), insulin, and 12-0-tetradecanoyl phorbol-13-acetate (TPA),'5-41 as well as in "poised" repression of the gene.4' This sequence binds a complex of at least two, and maybe three proteins, a 67-Kd phosphoprotein, the serum response factor (p67 SRF):3-45 and one or two 62-Kd proteins (p62) . 46347 The physiologic relevance of c-fos expression points to its importance during differentiation of cells from the hematopoietic system. Indeed, the c-fos gene is induced to a high level during the course of normal macrophage activation?4s-51 c-fos is also induced to a high level during in vitro differentiation of human myeloid cell lines, which are basically able to differentiate in vitro on addition of a variety of agent^.^'.^^ These cell lines provide an interesting model to study c-fos induction in relation to differentiation in the hematopoietic system. The induction of c-fos is consistently observed for monocytic differentiation,5~~~-@ and also for a variety of pathways.6.61 K 562, a chronic leukemia cell line,67.68 can be differentiated toward the megakaryoblastic lineage by the protein kinase C activator TPA6y,70 and toward the erythroid lineage by hemin." These distinct differentiation pathways are mutually exclusive, because predifferentiation of K 562 cells by hemin inhibits the appearance of megakaryoblastic markers on TPA addition 
MATERIALS AND METHODS
Cells and culture. K 562 cells were grown in RPMI 1640 (GIBCO, Grand Island, NY) supplemented with L-glutamine and antibiotics, and 5% heat-inactivated fetal calf serum. Megakaryoblastic differentiation was induced by 20 ng/mL TPA (Sigma, St. Louis, MO). Erythrocytic differentiation was induced byO.1 mmoUL hemin (Sigma).
Plasmids. Plasmidfos CAT includes from -711 to +42 of the human c-fos promoter, linked to the CAT gene.) 5 The plasmid p-tkCAT includes the herpes thymidine kinase promoter linked to the CAT gene, and is devoid of any enhancer sequence.)' Plasmids PA-, pB-, pC-, pD-, pG-tkCAT are deletion mutants including various lengths of the human c-fos promoter inserted upstream of the herpes thymidine kinase promoter in p-tkCAT.)" To form the plasmids pDSEAP1-, pmDSEAP1-, pDSE-tkCAT, both strands of the oligonucleotides DSEAP1, mDSEAPl and DSE (see Fig 4) , were synthetized using an Applied Biosystem (Foster City, CA) DNA synthetizer, annealed, and inserted between the Nde I and Hind111 restriction sites in p-tkCAT. Constructs were controlled by direct nucleotide sequence analysis, using the Sequenase sequencing kit (USB, Cleveland, OH). RSV CAT and RSV SEAP7' contain the CAT or SEAP (for secreted alkaline phosphatase) genes respectively, under the control of the Rous sarcoma virus long terminal repeat (LTR).
Transfection experiments were performed during the logarithmic growth phase of cultures, at a cell density of 3 to 4 x 105/mL. The cells were washed twice and resuspended in phosphate-buffered saline (PBS) at a concentration of 108 cells/ mL. Cells, lo7, were distributed in electroporation cuvettes with 10 pg of DNA. In most experiments, 2 pg of plasmid RSV SEAP were added as a control for transfection efficiency. Cells were maintained half an hour on ice, then electroporated using a Bio-Rad gene pulser (Bio-Rad, Richmond, CA) with 500 microfarads and 200 V settings. These conditions resulted in highly homogeneous time constants (around 70 milliseconds). Cells were resuspended in warm medium at a concentration of about 5 x 105/mL and divided into aliquots, which were induced to differentiate, or not, with TPA (20 ng/mL) or with hemin (0.1 mmol/L). Cells were cultured for 18 hours.
Living cells were purified on an LSM (Eurobio, France) density gradient, washed in PBS and then in Tris 0.25 mol/L (pH 7.9). Cells were resuspended in 100 JLL of Tris 0.25 mol/L (pH 7.9) and lysed by repeated freeze/thawing. Cell lysate, 50 pL, was mixed with 200 FL of Tris 0.125 mol/L (pH 7.9), containing 2.5 mmol/L chloramphenicol (Sigma), and 0.5 pCi of 14C-labeled Acetyl-coA (NEN, Boston, MA, specific activity: 40 to 60 mCi/mmol). Samples were overlayed gently with 3.5 mL of Econofluor (NEN) and counted repeatedly on an LKB beta counter (LKB, Sweden). Each experiment included a negative (Tris alone) and a positive (commercial CAT enzyme; Pharmacia, Sweden) control. CAT activities were standardized according to the protein content (Bio-Rad protein assay). In most experiments, the secreted alkaline phosphatase expressing plasmid RSV SEAP73 was used to control transfection efficiency. Serial dilutions of supernatant from transfected cells were titrated," and units of alkaline phosphatase were calculated using a probit computerized program. Supernatants of mock transfected cells were included as control of the background level. Using this standardization assay, Transfections.
CAT assay.
transfection efficiency was shown to be very similar from one sample to another (variability < 1.5-fold).
Nuclear proteins were extracted according to Dignam et For TPA treatment periods less than 10 minutes, cells were pelleted, resuspended in 1.5 mL fresh culture medium in sterile Eppendorf tubes, and maintained at 37°C in a water bath. After various periods of TPA activation, cells were quickly cooled down in an ice-water bath. Nuclear proteins were stored at -70°C in HEPES pH 7.9 20 mmol/L, KCI 0.1 mom,
Oligonucleotides were labeled with '*P ATP (Amersham, U K > 3,000 Ci/mmol) using T4 polynucleotide kinase (Boerhinger, Mannheim, FRG) to 5 X lo7 cpm/pg and purified on a nondenaturing acrylamide gel. Nuclear proteins (15 pg) were preincubated 15 minutes on ice with salmon sperm DNA 0.5 mg/mL, and unlabeled oligonucleotide used as competitor when indicated, in 20 pL of HEPES pH 7.9 20 mmoUL, KCI 0.1 mow,
5 mmol/L, and glycerol 10% (vohol) supplemented with bovine serum albumin 0.05 mg/mL. This was followed by a 15-minute incubation at room temperature with 1 to 2 ng of 32P-radiolabeled oligonucleotide. This dose of oligonucleotide was determined in preliminary experiments, which showed a direct proportionality between the observed level of binding and the amount of protein loaded for a wide range of protein concentration. Samples were analyzed on a Nuclearprotein extracts.
Gel sh@ assay. nondenaturing 6% polyacrylamide gel in 0.25X Tris borate EDTA (TBE). Gels were dried and autoradiographed. -
RESULTS
The c-fos -7111-100 element acts as a TPA-inducible enhancer in K 562 cells. To delineate the upstream sequence responsible for c-fos induction on TPA differentiation, K 562 cells were transiently transfected with CAT reporter constructs including the sequence located between -711 and -100 of the human c-fos regulatory region, either 5' of the c-fos promoter (from -100 to +42, plasmid fos CAT) or 5' of an heterologous promoter, the Herpes virus thymidine kinase promoter (plasmid PA-tkCAT). K 562 cells were transfected by electroporation with the various constructs, and then divided into two aliquots that were respectively induced to differentiate, or not, using the phorbol ester TPA. As a result, data for one construct were obtained from the same pool of transfected cells. Results from a typical experiment are shown in Fig. 1 . Both constructs responded to TPA, showing an approximate fivefold increase in CAT expression. The observed induction was not simply a reflection of a general transcriptional activation because an irrelevant construct, RSV CAT, in which the CAT expression is under the control of the Rous sarcoma virus LTR, responded only with a slight increase in expression to TPA. Furthermore, a plasmid that includes only the tk promoter and no c-fos regulatory sequence (p-tkCAT) was not induced by TPA. These results indicate that the sequence -711 to -100 is sufficient to confer inducibility to the heterologous tk promoter, suggesting that this sequence has the properties of an enhancer element with regard to TPA response in K562 cells.
Hemin blocks induction of fos CAT reporter constructs by TPA. K 562 cells can alternatively be differentiated along the erythroid lineage by hemin. To test the effect of hemin on c-fos transcription, K 562 cells were transfected with the fos CAT reporter constructs and then induced to differentiate by hemin. Results (Fig 2A) 
CAT expression in transfected cells. This discrepancy between hemin and TPA effects on fos CAT reporter constructs expression suggests that c-fos transcriptional activation is restricted to some differentiation pathways in these cells. Because predifferentiation of K 562 cells by hemin blocks differentiation by TPA along the megakaryoblastic lineage, we investigated the effect of hemin on induction of fos CAT reporter constructs by TPA. Addition of hemin together with TPA reduced the induction of PA-tkCAT by half (Fig 2A) , and addition of hemin 7 hours before TPA resulted in a further reduction of TPA induction. This inhibitory effect of hemin was restricted to K 562 cells, because it was not observed on the tumor T-cell line Jurkat, on which hemin does not have any differentiating effect (Fig 2B) . These results indicate that induction by TPA of fos CAT reporter constructs in K 562 cells is dependent on the differentiation stage of the cells, and that hemin interferes with the transduction pathways leading to c-fos transcriptional activation by TPA.
The region required for TPA induction is centered around the DSE. To precisely determine the sequence(s) responsible for induction of the fos CAT reporter constructs, various deletion mutants of the sequence, inserted upstream of the heterologous tk promoter, were used in the transient transfection assay. Figure 3 shows the mean induction values calculated from 5 to 20 experiments. All of the constructs that include the DSE sequence (Fig 3: fos CAT, PA-, pB-, pD-, and pDSEAP1-tkCAT) were inducible to comparable levels (about fourfold, ranging from three to six in individual experiments). The plasmids that do not include the DSE sequence, pC-, pG-, pDE-tkCAT were not inducible by TPA, as was also observed with the minimal construct, p-tkCAT, in which no c-fos sequences have been inserted. These results indicate that beside the 
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DSE AP1 sequence, no other sequence in the c-fos upstream regulatory region is able, when isolated from the surrounding sequences, to respond transcriptionally to TPA in K 562 cells. This does not rule out the possibility that sequences distinct from the DSE AP1 element are involved in the whole promoter activation, but indicate that they are not responsive, when isolated. The DSE, a dyad symmetry element, is responsible for c-fos activation in a variety of cell types. Immediately adjacent, downstream of this sequence, an 8-bp element TGCGT-CAG is highly homologous to the consensus AP1 binding site (TGAGTCAG), the classical TPA responsive element" (Fig 4A) . This AP1-like sequence is efficiently recognized by the FOS/JUN protein complex, and has been putatively involved in negative auto-repression of the gene by its own product, the FOS protein." It is also thought to mediate a high level of constitutive expression in Hela cells when the DSE element is mutated. 42 To determine which of the DSE and the AP1-like elements were responsible for activation by TPA of fos CAT reporter constructs in K 562 cells, various oligonucleotides were synthetized (Fig 4A) , corresponding to either the wild type sequence, including both elements (DSE APl), er a mutant form in which only the DSE element is altered and which retains a wild type AP1 sequence (mDSE AP1),76 or else the DSE sequence without the AP1-like element (DSE). The ability of these oligonucleotides to be specifically recognized by transcription factors was assessed using a gel shift assay, performed with nuclear protein extracts from K 562 cells. When the DSE AP1 oligonucleotide was used as a probe, two specific complexes were detected (Fig 4B) , termed complex I and complex 11. Both complexes were inhibited by an excess of unlabeled DSE oligonucleotide, as well as of DSE AP1, indicating that both complexes correspond to protein binding to the DSE element. Furthermore, these same complexes were observed when the DSE oligonucleotide was used as a probe (Fig 4B) . The major band (complex I) likely corresponds to the binding of the p67 SRF protein in conjunction with p62, whereas the minor band (complex 11) would correspond to the binding of p67 SRF
The mutation introduced in the mDSE AF'l oligonucleotide strongly impairs the recognition by these proteins at the DSE site, because the mutant was unable to inhibit the binding of the proteins to the wild type oligonucleotide, even in large excess (50-to 100-fold, Fig 4B) , and because these complexes were not detected when the mutated form was used as a probe (Fig 4B) .
To assess the respective role of each element in the induction of c-fos by TPA, these oligonucleotides were inserted in front of the tk promoter, and the constructs were used in the transient transfection assay. The plasmid including an isolated wild type DSE sequence (pDSEtkCAT) shows a normal response to TPA (Fig 5) , comparable to that observed with the whole DSE AP1 region (pDSE AP1-tkCAT), indicating that the DSE element, by itself, confers TPA responsiveness in K 562 cells. The mutation introduced into the DSE binding site, which prevents its recognition by proteins, also strongly impairs the TPA The DSE is sufficient to confer TPA responsiveness. Fig 3) . The plasmids pDSE AP1-tkCAT, pMDSE AP1-tkCAT, and pDSE-tkCAT were constructed by insertion of the corresponding oligonucleotides (Fig 4) in the minimal construct p-tkCAT.
response, despite the fact that the AP1 site retains integrity. Taken together, these results indicate that the element responsible for TPA induction in the DSE AP1 region is the DSE element, the AP1-like element apparently being silent in this process.
The DSE element is also the target for inhibition by hemin. To assess the sequences involved in inhibition by hemin, the effect of hemin was assayed on the various deletion or insertion mutants of the fos CAT reporter construct. Results (Table 1) indicate that the DSE sequence is sufficient to observe inhibition by hemin, suggesting that no other sequence is involved in this inhibition. Again, no effect was observed on the T-cell line Jurkat, on which hemin does not have any differentiating effect (Table 1) . These results suggest that the protein(s) binding to the DSE element are the target for both clfos induction and inhibition during the course of K 562 cells differentiation along mutually exclusive differentiation pathways.
Induction of fos CAT reporter constructs by TPA and inhibition by hemin through the DSE element are not accompa- nied by a detectable modulation of transcription factor afinity.
In a first attempt to assess the mechanism by which the DSE binding proteins receive the activating signal from the cytoplasm, we have studied the behavior of these protein(s) during the course of TPA-induced differentiation. As the induction of c-jos is very rapid:' K 562 cells were treated with TPA for periods ranging from 1 minute to 1 hour, and nuclear proteins were extracted and used in a gel shift assay, with the DSE oligonucleotide as a probe. Results (Fig 6A) indicate that the two complexes detected in our gel shift assay form in the same manner and to similar levels, whether or not the proteins were extracted from TPAtreated cells, and independent from the time course of treatment. This result suggests that the induction by TPA through the DSE element is not accompanied by any detectable change in the affinity of the protein complex for the DNA sequence. When K 562 cells were treated with hemin, only a slight diminution, if any, of the protein binding to the DSE element was observed (Fig 6B) in conditions in which TPA induction of fos CAT reporter constructs was almost totally inhibited. This suggests that both TPA and hemin act on the DSE binding protein(s) in a manner too subtle to be detected in a standard gel shift assay.
DISCUSSION
Our results indicate that the DSE element is necessary and sufficient to observe the induction of the fos CAT reporter constructs by TPA in K 562 cells. The sequence comprised between -100 and the transcription start site of the human c-jos gene includes two regulatory elements, located at -57 and -76, which have been involved in c-jos basal level of expression and cyclic adenosine monophosphate induction, respectively." These elements seem to be dispensable for basal level of expression as well as for induction in our system. In contrast to the induction observed with TPA, differentiation of K 562 cells along the erythroid lineage by hemin was not accompanied by fos CAT reporter constructs activation. Thus, the transcriptional activation of c-fos is restricted to some differentiation pathways in these cells. In the light of the known expression of cfos in erythroblasts,6 we would have expected an induction by hemin of fos CAT reporter constructs in K 562 cells. Thus, the observed lack of induction may represent an important difference between cells being induced to differentiate and those undergoing maturation once commitment has been established. Furthermore, predifferentiation of K 562 cells with hemin prevented pDSE-tkCAT reporter construct induction by TPA, which correlates with the lack of appearance of megakaryoblastic markers in these hemintreated cells on TPA addition. The effect of hemin was cell-type specific, because it was not observed in the tumor T-cell line Jurkat, in which hemin does not have any differentiating effect. These results suggest that the induction by TPA in K 562 cells is correlated with the differentiation stage of the cells along the erythroid pathway. An important function for the Fos protein in megakaryoblastic differentiation is far from being established. However, it could be envisioned that Fos protein transcriptionally activates some megakaryoblastic genes. Experiments to study this point are under way.
As was previously observed in a large variety of nonhematopoietic cells, albeit with longer time c o u r s e~~~~~' '~~~ protein binding to the DSE was not modulated on TPA treatment. This suggests that, contrary to other known enhancer binding proteins such as NF KB, the activation mediated by the DSE element occurs through a biochemical modification of constitutively bound proteins. This biochemical modification, which is induced by TPA and blocked by hemin, is likely to be either too unstable or too subtle to be detected by a simple gel shift assay. It has been suggested that a change in the composition of the p67/p62 protein complex is responsible for the activation, namely that the binding of p67 alone to the DSE (complex 11) would be responsible for "poised" repression, whereas the p62/p67 complex (complex I) binding would result in a~tivation.~' For "PA induction, our data do not support this hypothesis in K 562 cells because we did not detect any modulation of complex I to complex I1 ratio during the course of activation by TPA. Hemin, in contrast, seems to slightly increase the proportion of complex 11, suggesting that complex I1 might indeed play a role in inhibition by hemin. Thus, hemin seems to interfere at some unknown point with the chain of events transmitting the inducing signal from protein kinase C, the likely target for TPA, to the DSE binding proteins. Further studies on the effects of hemin in K 562 cells should help clarifying this point.
In myeloid cells, c-fos is induced in two opposite situations, during the entry into a proliferative cycle on addition of growth factorsZz-z5 on one hand, and during the growth arrest associated with some differentiation pathway^^,^^-^^ on the other hand. These two processes obviously must be mediated by overall distinct intracellular pathways. However, our results suggest a high degree of conservation in the endpoints of these transduction pathways at the level of the c-fos gene because an identical sequence (the DSE element), and likely identical proteins, are involved in the induction of the gene by growth inducing signals, such as serum or EGF in fibroblasts and the growth arrest signal TPA in K 562 cells.
